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energy balance; locomotor activity; body fat; insulin sensitivity MYOSTATIN, a member of the transforming growth factor-␤ family, is a paracrine factor that regulates skeletal muscle size and growth by favoring muscle atrophy and inhibiting anabolic signaling (12, 15) . In mice (22) and humans (30) , homozygous loss-of-function mutation of the myostatin gene causes a phenotype characterized by dramatic, whole body skeletal muscle hypertrophy and hyperplasia. Initial characterization of the energy homeostasis phenotype of myostatin-null mice revealed unexpected findings, suggesting a role for myostatin in the control of energy balance beyond its effect on skeletal muscle. Mature myostatin-null mice were found to have reduced body fat accumulation with age (23) . Because energy expenditure (EE; normalized to body weight or lean body mass) in these animals was decreased relative to wild-type (WT) controls, suggestive of increased metabolic efficiency, the low-body fat phenotype remained unexplained (11, 23) . A subsequent, extensive analysis of fat metabolism in these animals failed to identify a cause of low fat mass beyond increased skeletal muscle accrual (11) .
Yet these studies, among others, also established that myostatin deficiency protects against high-fat diet-induced weight gain (11, 36) and associated comorbidity, including tissue inflammation (36) , insulin resistance (11) , and atherogenesis (33) . Accordingly, several questions related to energy homeostasis remain unanswered in mice lacking myostatin, including 1) how does reduced body fat mass coexist with low metabolic rate, and 2) what mechanisms beyond increased lean body mass underlie the maintenance of reduced body fat mass? In the current work, we sought to answer these questions. We demonstrate that increased total EE without a corresponding increase of food intake likely accounts for the reduced body fat phenotype in myostatin-deficient mice and may be explained by increased leptin sensitivity. In addition, regression analysis to adjust EE for differences in body mass (16) demonstrates that myostatin-deficient mice are hypermetabolic, in contrast to what has been reported previously using traditional ratio normalization to adjust EE (11, 23) .
MATERIALS AND METHODS
Animals. Studies were conducted using both male and female adult myostatin-deficient mice from a colony maintained on a C57Bl/6 background and their littermate WT and heterozygous (HET) control mice (8) across a variety of ages, as detailed in RESULTS. Myostatindeficient mice were developed and kindly provided by Dr. S. -J. Lee (Johns Hopkins University) (22) . Both heterozygote-heterozygote and homozygote (male)-heterozygote (female) breeding strategies were used to generate animals for the studies described. Additional agematched, nonlittermate, male and female C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were included in the calorimetry study to adjust total EE (TEE), as described below. Animals were housed individually in a temperature-controlled room (23 Ϯ 2°C), maintained on a 12:12-h light-dark cycle, and provided ad libitum access to water and pelleted rodent chow (Test Diet 5015; LabDiet, Richmond, IN). For each study, mice were matched for sex difference between genotypes. All study protocols were approved by the Institutional Animal Care and Use Committee of the University of Washington and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Indirect calorimetry. Age-and sex-matched control and myostatindeficient mice were individually housed after weaning and acclimated to metabolic cages for 3 days prior to data collection.
Total oxygen consumption (V O2) and carbon dioxide production (V CO2) were measured continuously by indirect calorimetry using an eight-chamber Oxymax Lab Animal Monitoring System (Comprehensive Laboratory Animal Monitoring System; Columbus Instruments, Columbus, OH). V O2 was converted to individual TEE in kilocalories per hour by Columbus software, which uses the standard Lusk formula [TEE in kcal/h ϭ (3.815 ϩ 1.232 ϫ RQ) ϫ V O2 in l/h, where RQ is the ratio of V CO2 to V O2] (20) . A value of EE for each individual cage was recorded every 27 min.
Ambulatory activity. Ambulatory activity was determined simultaneously with the collection of indirect calorimetry data using an Opto-Varimetrix-3 sensor system (Columbus Instruments). Consecutive adjacent infrared beam breaks in either the x-or y-axes were scored as an activity count, and a tally was recorded every 15 min.
Food intake. Food intake was recorded continuously over a 24-h period during which standard chow was available ad libitum. Food and water intake were measured with the Feed-Scale System (Columbus Instruments). Measurements of feeding behavior (i.e., the amount of food/water consumed) were also quantified using feed scale (mass) measurements. For animals not housed in metabolic cages, food intake was measured daily (2 h into the light cycle) during experimental protocols.
Body composition analysis. Body composition was evaluated in live, conscious animals in triplicate by quantitative nuclear magnetic resonance spectroscopy (EchoMRI 3-in-1 Animal Tissue Composition Analyzer; Echo Medical Systems, Houston, TX) (30a, 31a) . A system test is performed routinely at the beginning of each measurement day, and the equipment is calibrated by scanning a calibration holder containing a known amount of fat to test the validity of measurement.
Measurements of insulin tolerance. Insulin sensitivity was measured using an intraperitoneal (ip) insulin tolerance test performed in nonfasted animals 8 h into the light cycle. Following an ip injection (0.5 U/kg) of insulin (Humulin R; Eli Lilly, Indianapolis, IN), blood glucose levels were measured in blood obtained from the tail vein at t ϭ 0, 30, 60, and 90 min using a hand-held glucometer (Accu-Chek; Roche, Indianapolis, IN).
Measurements of leptin sensitivity. The effects of exogenous recombinant murine leptin (Dr. A. F. Parlow, National Hormone and Peptide Program) on food intake and body weight were evaluated in individually housed mice injected with leptin (0.375 mg/kg ip) at 12-h intervals for a total of four consecutive doses. Food intake and body weight were measured throughout the 48-h period and compared with the preceding 48-h period during which animals received twice daily ip injections of vehicle. Leptin-induced hypothalamic pSTAT3 content was determined in 4-h-fasted animals that were euthanized either 1 or 4 h following leptin administration (1.0 mg/kg ip).
Blood collection and tissue processing. Brains were removed and immediately frozen under crushed dry ice. Mediobasal hypothalamus was dissected and stored at Ϫ80°C prior to protein extraction, as described previously (37) . Trunk blood was collected in chilled, heparinized tubes, and plasma was collected and frozen at Ϫ80°C. Plasma leptin values were determined by mouse-specific leptin ELISA (Crystal Chem, Downers Grove, IL).
Protein extraction and Western blotting. Total protein was extracted from hypothalamic tissue using T-PCR reagent (Thermo Scientific, Rockford, IL) and quantified by BCA protein assay kit (Thermo Scientific). Forty micrograms of protein was loaded on 4 -20% gradient polyacrylamide gel. Western blotting was performed using a rabbit anti-pSTAT3 antibody (Cell Signaling Technology, Beverly, MA) and a rabbit anti-STAT3 antibody (Cell Signaling Technology) at 1:1,000 dilution. Hypothalamic pSTAT3 content was normalized to total STAT3 levels for each time point.
Statistical methods. Because key outcome variables were not altered when data were analyzed separately by sex difference, data pooled from both sexes are presented for all studies. All results are expressed as means Ϯ SE. For analyses that did not require adjustment for variation in body size, we used a one-way ANOVA for omnibus group-wide testing followed by a post hoc least significant difference between-subjects Student t-test for pairwise comparisons. To control for the influence of body size variation on TEE (16), group comparisons involving this outcome were adjusted for total body mass and for lean body mass in separate analyses using analysis of covariance (ANCOVA) (4), in keeping with recent work from our group (16) . ANOVA was performed using Statistica (version 7.1; StatSoft), and ANCOVA was performed with the univariate general linear model module in PASW statistics (version 17; IBM, Chicago, IL). Significance was established at P Ͻ 0.05 (two-tailed t-test).
RESULTS
Body weight, body composition, and EE in myostatin-deficient mice and WT littermate controls. At age 6 -8 wk, myostatin-deficient mice (KO) display increases in both body weight (KO: 23.6 Ϯ 1.2 g vs. WT: 18.0 Ϯ 1.4 g; n ϭ 4 for each group, P ϭ 0.01) and lean mass (Table 1) relative to age-and sex-matched WT controls. Even at this young age, myostatindeficient mice also exhibited significant decreases in total body fat mass (Table 1) , percent fat mass (8.8 Ϯ 1.1 vs. 14.5 Ϯ 1.3%, P ϭ 0.003), and plasma leptin concentrations (0.7 Ϯ 0.2 vs. 1.9 Ϯ 0.3 ng/ml, P ϭ 0.008). Despite low plasma leptin levels, mean daily food (Table 1 ) and water intake (3.1 Ϯ 0.5 vs. 3.3 Ϯ 0.4 ml, P ϭ 0.4) were not significantly different between genotypes. Using continuous measurements obtained by indirect calorimetry, we evaluated oxygen consumption in myostatin-deficient and WT control mice (n ϭ 4/group; Fig. 1A ). Unadjusted EE during both the dark and light cycle was higher in myostatin-deficient mice than WT controls (Table 1) despite the fact that ambulatory activity was significantly lower in myostatin-deficient animals (Table 1) . Thus, myostatin-deficient mice are larger and have higher total EE but equal food intake compared with WT controls.
Body weight, body composition, and EE in myostatin-deficient mice and heterozygous littermate controls. Previous studies have shown that heterozygous mice with only one functioning myostatin allele have an intermediate body weight phenotype (23) . Because evaluation of energy homeostasis is influenced strongly by differences in body weight and lean mass, we evaluated a separate cohort of young, weightmatched, myostatin-deficient (24.5 Ϯ 0.8 g), and heterozygote control mice (25.6 Ϯ 0.7 g, P ϭ 0.2) aged 6 -10 wk (n ϭ 6/group). Again, we observed significantly reduced fat mass Data are means Ϯ SE; n ϭ 4. KO, myostatin-deficient mice; WT, wild-type mice; TEE, total energy expenditure. Oxygen consumption (ml O2/h), TEE during the dark and the light cycles, ambulatory activity during the dark and light cycles, lean and fat mass (by quantitative magnetic resonance), and 24-h food intake data are presented. *P Ͻ 0.05 between groups by 2-tailed Student t-test.
( Table 2 ) and percent body fat (8.9 Ϯ 0.8 vs. 11.5 Ϯ 0.7%, P ϭ 0.01) in myostatin-deficient relative to heterozygous mice. Importantly, differences in body adiposity between myostatindeficient and heterozygous control mice were detected despite no difference in lean body mass between groups ( Table 2) . As before, we found no differences in either food (Table 2) or water intake (3.2 Ϯ 0.3 vs. 3.0 Ϯ 0.2 ml, P ϭ 0.3) between groups. Continuous evaluation of oxygen consumption revealed increased EE in myostatin-deficient animals, especially during the light cycle (Fig. 1B) , and unadjusted EE was higher in myostatin-deficient mice than in heterozygote controls during both the dark and light cycles (Table 2) , whereas ambulatory activity was significantly lower in myostatin-deficient animals only during the dark cycle (Table 2) . Increased EE could not be explained by altered body temperature since there was no difference in body temperature between myostatindeficient and heterozygous mice during either the dark or light cycle (Fig. 1C) .
Adjusted EE in myostatin-deficient mice and WT and heterozygous controls. Previous studies have concluded that, despite their large lean mass, myostatin-deficient mice are hypometabolic; i.e., they have lower than expected EE after normalizing to their increased lean body mass (11, 23) . Importantly, these studies expressed EE as a ratio (e.g., divided by) of total body mass or lean body mass, which can yield confounded outcomes when these variables differ significantly between groups. Based on these concerns, we used regression analysis to compare EE after adjusting for differences of either total body mass or lean body mass (16) . After adjustment for total body mass using ANCOVA, myostatin-deficient mice exhibited significantly higher EE than either HET (by 0.92 Ϯ 0.31 kcal/day, P ϭ 0.005) or WT mice (by 0.81 Ϯ 0.28 kcal/day, P ϭ 0.004), whereas the average daily EE of HET mice did not differ significantly from that of WT mice (difference ϭ 0.08 Ϯ 0.33 kcal/day, P ϭ 0.81). Using ANCOVA to adjust for lean body mass yielded similar group differences, with EE being greater in myostatin-deficient mice than in either HET (ϩ0.71 Ϯ 0.29 kcal/day, P ϭ 0.02) or WT controls (ϩ0.63 Ϯ 0.28 kcal/day, P ϭ 0.03) (Fig. 2A) . Thus, controlling for the influence of total or lean body mass on EE using appropriate normalization methodology (16) reveals myostatin-deficient mice to be hypermetabolic compared with WT or HET animals. Notably, the hypermetabolic phenotype of the KO mice occurs despite the fact that they exhibit the lowest mean activity level of the three groups (P ϭ 0.006 relative to WT mice and P ϭ 0.052 relative to HET mice). For comparison purposes, we also performed the analysis using a traditional ratio normalization method whereby EE is divided by lean body mass. Using this method, myostatin-deficient mice appear to be hypometabolic relative to WT mice (by Ϫ0.072 Ϯ 0.023 kcal·g lean body mass Ϫ1 ·day Ϫ1 , P ϭ 0.004) but no different than HET mice (P ϭ 0.39) (Fig. 2B ). This incorrect conclusion is an inevitable mathematical consequence of the confounding influence of a positive y-intercept (5.63 ϩ 0.48 kcal/day, P ϭ 0.00001) in the regression of total EE on lean body mass as shown in Fig. 2A , as described recently (16). Data are means Ϯ SE; n ϭ 6. HET, heterozygous mice. Oxygen consumption (ml O2/h), TEE during the dark and the light cycles, ambulatory activity during the dark and light cycles, lean and fat mass (by quantitative magnetic resonance), and 24-h food intake data are presented. *P Ͻ 0.05 between groups by 2-tailed Student t-test. 
Leptin sensitivity and insulin sensitivity in myostatin-deficient mice and WT littermate controls.
The combination of high EE without compensatory increased energy intake in myostatin-deficient mice led us to ask whether leptin sensitivity is increased in these animals. To address this question, we compared behavioral responses to injection of leptin (0. 375 mg/kg total ip twice daily for 2 days) between myostatindeficient and WT littermate control mice (age 14 -24 wk; n ϭ 11-13/group). Body weights were similar between groups (KO: 33.9 Ϯ 1.7 g vs. WT: 33.5 Ϯ 2.3 g, P ϭ 0.4) despite higher lean mass (87 Ϯ 0.7 vs. 79 Ϯ 2.4%, P Ͻ 0.01), lower fat mass (7.8 Ϯ 0.3 vs. 15.4 Ϯ 2.7%, P Ͻ 0.05), and reduced plasma leptin concentrations (1.8 Ϯ 0.5 vs. 5.1 Ϯ 0.9 ng/ml, P Ͻ 0.005) in mutant animals, consistent with our previous results. As shown in Fig. 3 , myostatin-deficient mice were clearly more sensitive than controls to the effect of leptin to reduce body weight. The reduction in cumulative food intake over the 2-day period relative to food intake during the control injection period was also greater in the myostatin-deficient than WT mice (KO: Ϫ1.2 Ϯ 0.4 g vs. WT: Ϫ0.2 Ϯ 0.3, P Ͻ 0.05). Thus, myostatin-deficient mice are more sensitive to leptininduced anorexia and weight loss than weight-matched littermate controls.
In a separate study, we tested the ability of leptin administration (1 mg/kg ip) to increase hypothalamic content of pSTAT3, a key signal transduction molecule downstream of the leptin receptor (n ϭ 3-4 per group per time point). As expected, systemic leptin administration induced a time-dependent increase in hypothalamic pSTAT3 content (relative to total STAT3) in both groups compared with ip vehicle treatment (P ϭ 0.007). Despite significantly lower plasma leptin levels in myostatin-deficient mice, baseline hypothalamic pSTAT3 content was equivalent to WT controls, suggesting greater basal leptin sensitivity; however, the effect of pharmacological leptin administration to increase hypothalamic pSTAT3 (at 1 and 4 h) in mutant mice was not significantly different from control mice (Fig. 4) .
To confirm that myostatin-deficient animals demonstrate increased insulin sensitivity, as has been shown previously (11), we also performed an insulin tolerance test in myostatindeficient mice (age 10 -16 wk; mean body weight 30.7 Ϯ 1.2 g, lean mass 86 Ϯ 0.6%, fat mass 10.2 Ϯ 0.5%) and WT controls (age 10 -16 wk; weight 23.7 Ϯ 0.6 g, lean mass 80 Ϯ 0.5%, fat mass 14.2 Ϯ 0.7%) (n ϭ 10/group). Myostatindeficient mice were significantly more insulin sensitive than littermate controls (Fig. 5 ) at all time points following ip insulin administration (0.5 g/kg). Thus, myostatin-deficient mice demonstrate increased insulin sensitivity, consistent with previous findings (11) .
DISCUSSION
Deficient myostatin signaling has been shown to confer a dramatic phenotype of increased skeletal muscle mass (22) that is accompanied by reduced fat mass accumulation with increasing age (11, 23) . The current studies were undertaken to clarify the impact of myostatin deficiency on key determinants of energy balance. We report that young myostatin-deficient mice have increased energy expenditure relative to WT and heterozygote controls based on both unadjusted analyses and on normalization methodology that appropriately controls for the influence of body size variation on energy expenditure (16) . Importantly, increased energy expenditure in combination with equivalent food intake provides a feasible explanation for the reduced fat mass characteristic of mice lacking myostatin. Our finding of increased behavioral leptin sensitivity provides a plausible mechanism that may contribute to the defense of reduced body adiposity in these animals without compensatory hyperphagia.
Taken together, our findings suggest that, in addition to increasing the growth of skeletal muscle, myostatin deficiency alters energy homeostasis regulation so as to defend a reduced level of body fat mass that in turn is associated with improved glucose metabolism despite reduced voluntary physical activity. These observations raise the interesting possibility that a muscle-related factor(s) may lower body fat mass and improve metabolic function as well as regulate spontaneous physical activity, and these hypotheses warrant additional investigation.
Previous efforts to characterize energy balance in myostatindeficient mice yielded confusing results. Two studies demonstrated that total (23) and resting energy expenditure (11) are decreased in myostatin-deficient animals when the rate of oxygen consumption is "corrected" for total or lean body mass by dividing energy expenditure by either variable. Although this is a commonly used approach, it can yield confounded outcomes, and in this case it led the authors to conclude that these animals are hypometabolic (11, 23) and, by extension, that the low fat mass of these mice could not be explained by differences of metabolic rate. However, when the effect of energy balance on body composition is evaluated, the difference between absolute energy intake and energy expenditure is ultimately critical. We found that energy expenditure is increased in myostatin-deficient animals when they are measured at a young age, when the high muscle/low fat phenotype is still developing, and therefore less likely to confound results. This finding is in agreement with previously reported data both in myostatin-deficient mice (11, 23) and in studies using pharmacological inhibition of myostatin in wild-type mice (6, 18) . Combined with our finding that energy intake is not increased in myostatin-deficient mice, low body fat mass, as documented by us and others (11, 23) , is the expected phenotype in these mice and does not require further mechanistic explanation (11) . These considerations raise two additional questions related to energy balance: 1) what mechanisms underlie reduced energy intake relative to energy expenditure, and 2) is metabolic rate truly low in these mice with markedly increased muscle mass?
To answer the first question, we evaluated leptin signaling in myostatin-deficient mice since this hormone is a key regulator of energy balance and circulating levels are proportional to fat mass (21) . Consistent with previous studies in myostatindeficient animals that documented decreased fat mass (11, 23) and reduced adipogenesis (19) , we observed that moderate to marked reduction of whole body fat content is an early manifestation of myostatin deficiency and is evident compared with both WT and HET littermate controls. As expected for animals with reduced fat mass, we also observed a clear reduction of plasma leptin levels in mice lacking myostatin, as shown previously (23) .
Since myostatin-deficient mice did not exhibit hyperphagia characteristic of WT animals with reduced leptin levels (9, 26) , as well as some hypermetabolic mouse models (1, 9), we hypothesized that sensitivity to leptin in these animals is increased such that relatively low leptin levels provide a leptin signal to the brain of sufficient magnitude to maintain food intake at levels similar to that of normal animals with higher leptin levels. Our finding that the ability of exogenous leptin to reduce body weight and food intake is increased in mice lacking myostatin provides direct evidence in support of this hypothesis, although additional work is needed to determine the relative loss of muscle and fat mass induced by leptin. How myostatin deficiency might affect the response to leptin remains unknown. Insight into this question may be gained from several other mouse models characterized by a hypermetabolic phenotype without compensatory hyperphagia. Interestingly, these models including neuron-specific deletion of endogenous inhibitors of leptin action such as suppressor of cytokine signaling-3 (25) and protein tyrosine phosphatase 1B (5, 38) , and administration of drugs such as resveratrol (17) are each marked by increased leptin sensitivity and reduced body fat mass, and our data add myostatin-deficient mice to this list. However, the lean phenotype of these mice may also involve mechanisms independent of increased leptin sensitivity, since myostatin deficiency partially corrects obesity in ob/ob mice that lack leptin (23) , and thus we investigated the effect of myostatin deficiency on metabolic efficiency.
The question of how to analyze mouse metabolic efficiency has been controversial (7, 16) . Traditional methods of normalizing energy expenditure involve division by lean or total body mass, which may be allometrically scaled (28, 34, 35) . These methods are often confounded by a parent linear relationship between energy expenditure and lean or total body mass that is typically characterized by a positive y-intercept (energy expenditure) term (3, 16, 31) . Consequently, dividing energy expenditure by body mass mathematically leads to heavier mice having a lower normalized energy expenditure than smaller mice (16, 31 ). An alternative normalization method that is widely used in clinical obesity studies involves multiple regression methodology to adjust energy expenditure for differences in body mass so as to eliminate the influence of body size variation per se (32) . Recent evidence suggests that a similar regression-based approach that accounts for variation in total or lean body mass is the best method to adjust energy expenditure in mice (16) . In the current study, regression analysis (whether adjusted for activity or not) provided evidence that myostatin-deficient mice have increased energy expenditure for a given lean body mass compared with wild-type and heterozygous controls. Therefore, this finding indicates that a hypermetabolic phenotype might contribute to the leanness of myostatin-deficient mice. Importantly, this study provides a critical example wherein analyzing data by traditional ratio normalization of energy expenditure to lean body mass erroneously classifies myostatin-deficient mice as hypometabolic rather than hypermetabolic. The mechanism of altered metabolic efficiency in myostatin-deficient mice remains to be determined. Because resting EE is the largest component of total EE and the most closely linked to variation in lean body mass, we favor the hypothesis that hypermetabolism in myostatin-deficient mice is due to physiological changes in skeletal muscle that increase resting EE; however, alterations in thermoregulation or activity-related muscle efficiency could also contribute to altered metabolic efficiency in the mutant animals.
Our study also demonstrates dramatically reduced ambulatory activity in young myostatin-deficient mice, in contrast to what has been demonstrated in older mice (11) . The mechanism of reduced ambulatory activity in young myostatindeficient mice remains unclear. Previous studies have examined skeletal muscle morphology and physiology, muscle strength, force generation and contractile properties, biomechanical integrity, mitochondrial number, and muscle fiber types, as well as gait and ground reaction forces in myostatindeficient mice, cumulatively describing numerous abnormalities (2, 10, 13, 22, 24, 29) . Whether changes in muscle structure and function related to lacking myostatin contribute to decreased ambulatory activity remains to be determined, but intriguingly, other genetic strategies to increase muscle mass also cause downward regulation of ambulatory activity and fat mass (14) . Because voluntary physical activity is a regulated variable in the control of energy homeostasis, and the central pathways governing ambulatory activity are increasingly defined (27) , it is equally plausible that a central nervous systemmediated behavioral mechanism contributes to reduced ambulatory activity in myostatin-deficient mice, and this hypothesis awaits further study. Importantly, because ambulation has a greater energy cost in heavier animals, the extent to which reduced ambulatory activity in myostatin-deficient mice reduces activity energy expenditure remains to be determined.
In conclusion, we report that reduced ambulatory activity and increased leptin sensitivity are unexpected but integral aspects of the phenotype of mice lacking myostatin. We also report that low fat mass in these mice is readily explained by the combination of increased absolute or adjusted energy expenditure with no corresponding increase in energy intake. These findings suggest that myostatin signaling either directly or indirectly via increased skeletal muscle mass has far-reaching effects on energy homeostasis and raise the possibility that an unknown muscle-related factor(s) induced by myostatin deficiency may confer metabolic benefit.
